Human tissue factor pathway inhibitor-2 (TFPI-2) is a matrix-associated Kunitz inhibitor that inhibits the plasmin-and trypsinmediated activation of zymogen matrix metalloproteinases involved in tumor progression, invasion, and metastasis. 
Introduction
Proteolytic degradation of the extracellular matrix (ECM) is considered to be an essential step for malignant cells to invade and metastasize to distant tissues. 1, 2 Proteinase inhibitors capable of protecting the ECM from degradation by tumor-derived proteinases could potentially find utility as therapeutic agents for blocking tumor metastasis. Human tissue factor pathway inhibitor-2 (TFPI-2) is a Kunitz-type serine proteinase inhibitor synthesized and secreted into the ECM by endothelial cells, smooth muscle cells, fibroblasts, keratinocytes, and urothelium. [3] [4] [5] [6] [7] TFPI-2 readily inhibits trypsin, plasmin, chymotrypsin, cathepsin G, plasma kallikrein, and the factor VIIa-tissue factor complex but not urokinase-type plasminogen activator (uPA), tissue-type plasminogen activator, or thrombin. [8] [9] [10] [11] TFPI-2 presumably inhibits these proteinases through an arginine residue (R24) in its first Kunitz-type domain, as an R24Q TFPI-2 mutant lost more than 90% of its inhibitory activity toward trypsin, plasmin, and the factor VIIa-tissue factor complex. 12 TFPI-2 also strongly inhibited the trypsin-and plasmin-mediated activation of promatrix metalloproteinases proMMP-1 and proMMP-3 and suppressed production of active MMP-2 in HT-1080 cells stably transfected with the TFPI-2 expression vector. 13, 14 In addition, TFPI-2 expression is up-regulated in human atherosclerotic coronary arteries in comparison to normal, healthy arteries. 15 Thus, ECM-associated TFPI-2 may play a pivotal role in the regulation of ECM remodeling, a process essential for tumor invasion and metastasis.
Given the inhibitory spectrum of TFPI-2, as well as our previous finding that TFPI-2 inhibited the degradation of fibroblastderived ECM and Matrigel invasion by the highly invasive HT-1080 fibrosarcoma cell in a dose-dependent fashion, 16 we hypothesized that expression of TFPI-2 by HT-1080 cells would markedly reduce its invasive and metastatic properties in an animal model. Since HT-1080 cells do not constitutively synthesize TFPI-2, 16 we prepared stably transfected HT-1080 cells expressing high concentrations of wild-type human TFPI-2. We demonstrate that, in athymic mice, HT-1080 cells expressing wild-type TFPI-2 produce considerably smaller subcutaneous tumors and exhibited a lower metastatic rate in comparison to mock-transfected HT-1080 cells. Furthermore, HT-1080 cells stably transfected with an expression vector coding for an inactive mutant of TFPI-2, R24Q TFPI-2, produced tumors in size and metastatic rate similar to mock-transfected HT-1080 cells, providing strong evidence that the ability of TFPI-2 to reduce tumor size and metastasis correlated with its serine proteinase inhibitory activity.
Materials and methods

Materials
The murine myeloma cell line P3 ϫ 63Ag8U.1 (P3U1) and the human fibrosarcoma cell line HT-1080 were obtained from American Type Tissue Culture Collection (Rockville, MD). Minimum essential medium Eagle (EMEM), nonessential amino acid solution, trypsin/EDTA (ethylenediaminetetraacetic acid) solution, RPMI-1640, TMBZ (3,3Ј,5,5Ј-tetramethylbenzidine), and avidin-peroxidase were from Sigma Chemical (St Louis, MO). Lipofectamine plus reagent, sodium pyruvate, penicillin-streptomycin, and phosphate-buffered saline (PBS) were obtained from Gibco BRL Life Technologies (Rockville, MD). The pcDNA3 vector and proteinase K were obtained from Invitrogen (Carlsbad, CA). BrdU (5Ј-bromo-2Ј-deoxyuridine) and monoclonal antibody to BrdU were obtained from Amersham Pharmacia Biotech (Piscataway, NJ). Histomouse-SP bulk kit was purchased from Zymed Laboratories (South San Francisco, CA). ApopTag-peroxidase in situ apoptosis detection kit was obtained from Serological (Norcross, GA). The TaqMan reverse transcriptase (RT) reagent kit and the SYBR green master mix were obtained from Applied Biosystems (Foster City, CA). Recombinant human TFPI-2 was purified as described. 8 All other reagents used were the highest quality commercially available.
Antibodies
Rabbit antihuman TFPI-2 immunoglobulin G (IgG) was prepared as described. 3 Murine monoclonal antibodies against human TFPI-2 were prepared as follows. Six-week-old female Balb/c mice were injected intraperitoneally on day 0 with 50 g recombinant TFPI-2 suspended in 50 L of a PBS/Freund complete adjuvant emulsion. Subsequent injections containing 50 g of TFPI-2 and Freund incomplete adjuvant were administered intraperitoneally on days 14 and 35. Mice were given an intravenous boost on days 49, 53, and 56 and killed on day 59. One mouse expressing the highest serum titer (Ͼ 10 5 ) of anti-TFPI-2 antibodies was killed and its splenocytes fused with P3 ϫ 63Ag8U.1 myeloma cells. Fusion and hybridoma selection were optimized using standard methodology. 17 Hybridomas were cultured for 7 days and their supernatants screened for antibodies to TFPI-2 by enzyme-linked immunosorbent assay (ELISA). Wells considered positive (A 405 Ͼ 1) for antibody were weaned from hypoxanthine, aminopterin, and thymidine (HAT) supplement over 7 to 10 days, subcloned by limiting dilution, and grown in pristane-primed mice to generate ascites fluid. Monoclonal antibodies to human TFPI-2 (SK8, SK9) were isolated from ascites fluid using Hi Trap rProtein A affinity columns (Amersham Biosciences, Piscataway, NJ).
Cell culture and transfection
HT-1080 cells were cultured in 6% CO 2 to 94% air and 96% humidity at 37°C in EMEM supplemented with 10% bovine calf serum (Hyclone, Logan, UT), sodium pyruvate, nonessential amino acids, L-glutamine, and penicillin-streptomycin. The human TFPI-2 8 and R24Q TFPI-2 12 complementary DNA (cDNA) were directionally subcloned into the EcoRI site of the pcDNA3 expression vector and the recombinant constructs transfected into HT-1080 cells using the Lipofectamine Plus reagent according to the manufacturer's instructions. Selection of transfected cells with 0.6 mg/mL G418 sulfate (Clontech, Palo Alto, CA) was initiated 48 hours after transfection and resistant colonies were cloned thrice by limiting dilution, screened for TFPI-2 expression by ELISA, and expanded. The expression levels of wild-type and R24Q TFPI-2 in stably transfected cells were assessed over a 6-week period in the presence and absence of G418.
Cell proliferation
Transfected HT-1080 cells were plated in duplicate at a density of 1 ϫ 10 5 cells/well in a 6-well plate. Every 7 days, for a total of 42 days, the cells were trypsinized, counted, and replated at the same seeding density.
Human TFPI-2 ELISA
The concentration of wild-type and R24Q human TFPI-2 antigen in stably transfected HT-1080 cell supernatants was determined by ELISA using monoclonal antibody SK9 and biotinylated monoclonal antibody SK8. In this procedure, 96-well microtitration plates were coated overnight at 4°C with 100 L/well of 50 mM carbonate buffer (pH 9.6) containing 10 g/mL SK9. After washing the plate 3 times with Tris-buffered saline (TBS)/ 0.05%Tween 20, each well was blocked with 200 L of TBS/1% gelatin/0.02% NaN 3 at 37°C for 2 hours. Following 5 washes with TBS/Tween, 100-L samples were added to each well and allowed to incubate at 37°C for 2 hours. The plate was then washed 5 times with TBS/Tween and 100 L of biotinylated SK8 (100 ng/mL in TBS/0.1% bovine serum albumin [BSA] ) was added to each well. After 2 hours incubation at 37°C, the plate was washed 5 times with TBS/Tween and subsequently treated with 100 L of diluted peroxidase-conjugated avidin for 1 hour. After washing with TBS/Tween, each well was treated with 100 L of tetramethyl benzidine solution. Following a suitable color development, the reaction was stopped by the addition of 1 N H 2 SO 4 (100 L) and the absorbance was measured at 450 nm. The concentration of TFPI-2 in test samples was interpolated from a linear standard curve (linear range 6-200 ng TFPI-2) relating A 450 and known concentrations of recombinant human TFPI-2.
Tumor growth and metastasis
All animal procedures were approved by the University of New Mexico Health Sciences Center Laboratory Animal Care and Use Committee, Albuquerque. Thirty-six 6-week-old Balb/c severe combined immunodeficiency (SCID) male mice, obtained from Charles River Laboratory (Frederick, MD) through the National Cancer Institute (NCI) Contract Animal Program, were fed and watered ad libitum. The mice were divided into 3 groups of 12, and each mouse was injected with 5 ϫ 10 6 HT-1080 cells subcutaneously. Group I was administered mock-transfected HT-1080 cells (MT), group II was administered wild-type TFPI-2 transfected HT-1080 cells (WT), and group III was administered R24Q TFPI-2 transfected HT-1080 cells (QT). The subcutaneous growth of tumors was readily visible, and the volume (0.5 ϫ length ϫ width 2 ) of each tumor was measured externally by a tumor caliper. Five weeks after injection, each mouse received an intraperitoneal injection of BrdU (100 g/g body mass) and was killed 3 hours later by CO 2 narcosis. After being humanely killed, the mice were weighed and visible tumors and several organs were aseptically removed for further analyses.
Tissue processing
Harvested tumors and organs were formalin fixed and paraffin embedded using standard procedures. The organ tissues were visually inspected for the presence of metastatic tumors throughout the procedure. The embedded organ and tumor tissues were sectioned (5 ) for subsequent hematoxylin and eosin (H&E) staining and further analyses.
Immunohistochemical detection of TFPI-2
Sections were deparaffinized with xylene, rehydrated in a graded series of ethanol, and washed in PBS for immunohistochemical staining. Expression of wild-type or R24Q TFPI-2 was determined using rabbit antihuman TFPI-2 IgG and detected using the Histomouse-SP Bulk kit according to the manufacturer's instructions. Briefly, rehydrated slides were incubated with 3% H 2 O 2 to quench endogenous peroxidase activity, blocked, incubated overnight (4°C) with antibody (1:1000 dilution in PBS), incubated with a biotinylated secondary antibody, developed, and counterstained with hematoxylin.
Detection of BrdU-labeled and apoptotic cells
Tumor sections were processed as described in the previous paragraph with an additional step of trypsin (1 g/L) treatment after quenching. The cells were probed by incubation with primary anti-BrdU antibody (1:10 dilution) in nuclease solution. The apoptotic cells in sections were detected by TUNEL (terminal deoxynucleotidyl transferase [TdT]-mediated deoxyuridine triphosphate [dUTP] nick-end labeling) staining using the in situ apoptosis detection kit (Apoptag Peroxidase Kit) according to the manufacturer's instructions. Briefly, after deparaffinization, the sections were treated with proteinase K (20 g/mL) for 15 minutes at room temperature and blocked. The sections were then treated with TdT enzyme for 60 minutes at 37°C. Anti-digoxigenin peroxidase conjugate was applied for 30 minutes at room temperature and was detected with the aforementioned substrate-chromogen solution. BrdU-labeled and TUNEL-positive cells were determined by counting 5 randomly chosen areas (ϫ 100) in each section and averaged from 3 sections.
Microdissection and DNA amplification
The cells from sections were microdissected and cellular DNA purified as described. 18 For each group, three 5-sections were deparaffinized and air dried. Under a dissecting microscope, the regions of interest were microdissected and collected. Fixed control mouse stomach and lung cells were also processed similarly. The microdissected tissue was lysed overnight at 50°C in 50 L buffer containing 50 mM Tris-HCl (pH 8.5)/1 mM EDTA/0.5% Tween 20/200 g/mL proteinase K followed by proteinase K inactivation at 95°C (10 minutes). The cellular DNA obtained was ethanol precipitated, washed, air dried, and redissolved in 10 L. An aliquot (3 L) of each was analyzed for human mitochondrial DNA (mtDNA) and the recombinant vector construct (rvcDNA) by polymerase chain reaction (PCR). The amplification of human mtDNA (1071-bp fragment) used a forward primer (GCT ATT ACC TTC TTA TTA TTT ACC) and reverse primer (GTG CGA TGA GTA GGG GAA GG). For the amplification of rvcDNA (700-bp fragment), a forward T7 primer (TAA TAC GAC TCA CTA TAG GG) and a TFPI-2-specific reverse primer (GCC TCG AGT TAA AAT TGC TTC TTC CGA TA) were employed. The thermocycling profile was set as 5 minutes of initial denaturation at 94°C, followed by 39 cycles of denaturation (94°C for 30 s), annealing for 1 minute (54°C for rvcDNA; 57°C for human mtDNA), and elongation (72°C for 2 minutes). The reaction products were electrophorized in a 1.2% agarose gel along with appropriate DNA markers.
RNA isolation
Total RNA was isolated from snap-frozen tumor samples (100-150 mg) using an RNeasy RNA extraction kit (Qiagen, Chatsworth, CA) according to the manufacturer's recommendation. Purified RNA samples were stored at Ϫ80°C in 100 L diethyl pyrocarbonate (DEPC)-treated water. An aliquot of each RNA preparation was analyzed and quantitated using the RNA 6000 Nano assay kit in an Agilent Technologies 2100 Bioanalyzer (Palo Alto, CA).
VEGF expression: real-time quantitative RT-PCR
A 2-step real-time quantitative RT-PCR analysis was performed using a SYBR green dye-based assay in an ABI Prism 7000 Sequence Detection System according to the manufacturer's instructions (Foster City, CA). Total RNA (300 ng) from each sample was reverse transcribed using random hexamer primers (TaqMan RT reagents kit). Primers targeting the angiogenesis marker murine vascular endothelial growth factor (VEGF) and murine glyceraldehyde phosphate dehydrogenase (GAPDH), an internal control, were designed using Primer Express software (Applied Biosystems, Foster City, CA). The primers selected for sense and antisense strand, respectively, are as follows: mouse VEGF cDNA (GenBank accession no. S38083): TTACTGCTGTACCTCCACC and ACAGGACG-GCTTGAAGATG; mouse GAPDH cDNA (GenBank accession no. M32599): AACGACCCCTTCATTGAC and TCCACGACATACTCAG-CAC. To assure the amplicon specificity of each primer set, the PCR products were subjected to a melting curve analysis and subsequent agarose gel electrophoresis. The PCR reaction was performed in triplicates using the SYBR green master mix in a total volume of 50 L. The reaction mixture was incubated at 95°C for 10 minutes followed by a cycling profile of 45 cycles consisting of denaturation at 95°C for 9 seconds, annealing at 57°C for 9 seconds, and extension at 72°C for 30 seconds. The efficiency for amplification of the target gene (VEGF) and the internal control gene (GAPDH) was examined using serial dilutions of cDNA with gene-specific primers. The mean difference between threshold cycle number values (⌬C T ) was calculated for each cDNA dilution. The VEGF gene expression level in each sample was calculated following normalization to the GAPDH gene level and expressed as relative units.
Tumor cDNA microarray analysis
The relative abundance of messenger RNA (mRNA) in the snap-frozen tumor xenograft samples was assessed by oligonucleotide-based microarray analysis using an Affymetrix GeneChip Human Genome U133 set (Santa Clara, CA). This GeneChip consists of 2 array units of more than one million unique oligonucleotide features covering more than 39 000 transcript variants that represent 33 000 of the best characterized human genes.
Additional information regarding these chips is available online at http:// www. affymetrix.com/products/arrays/specific/hgu133.affx. Biotinylated cRNA probe preparation, processing, hybridization, and normalization were performed as described in the Affymetrix GeneChip Expression Analysis Manual. Fluorescence images were captured using a gene array scanner (Affymetrix) and expression analysis was performed using GeneSpring v5.1 software (Silicon Genetics, Redwood City, CA). The wild-type TFPI-2 transfected (WT) tumor ratio of medians was normalized with that obtained from mock-transfected (MT) tumors. The spots that exhibited a 2-fold or greater difference in expression levels were used to generate the gene clusters.
Results
Characterization of stably transfected HT-1080 cells
HT-1080 cells were stably transfected with the eukaryotic expression vector pcDNA3 alone (MT-1080) or vector containing cDNA constructs for either wild-type TFPI-2 (WT-1080) or R24Q TFPI-2 (QT-1080). TFPI-2-expressing stably transfected tumor cells were cloned by limiting dilution resulting in several cell lines secreting different levels of TFPI-2 that ranged from 10 to 55 ng/mL/day/10 6 cells determined by ELISA and consisted of 3 differential glycosylated forms of TFPI-2 (Mr of 32 kDa, 29 kDa, and 26 kDa), similar to that observed for human endothelial and smooth muscle cells. [3] [4] [5] [6] The TFPI-2-secreting HT-1080 cell lines selected for these studies secreted approximately 55 ng/mL/day/10 6 cells, but this number most likely underestimates the amount of TFPI-2 secreted by these cells into their ECM in vivo. In this regard, our preliminary findings indicated that the stably transfected HT-1080 cells, similar to endothelial cells and smooth muscle cells, 3,4 secrete 4-to 6-fold higher levels of TFPI-2 into their ECM in cultures compared with their luminal secretion (data not shown).
Initial in vitro studies revealed that the TFPI-2-expressing HT-1080 cells in continuous culture for 6 weeks secreted a relatively constant amount of TFPI-2 while under G418 selection (Figure 1 .) In the absence of G418, these same cells continued to secrete TFPI-2, but the level declined by approximately 25% over 6 weeks of continuous culturing (Figure 1 ). Despite the slow and progressive loss of the expression vector in the absence of G418 (ie, under conditions that would partially mimic the in vivo growth of this cell line), the TFPI-2 expression level was still approximately 80% over a 5-week period. Accordingly, this period was For personal use only. on May 1, 2017. by guest www.bloodjournal.org From selected as the time frame to evaluate the effect of TFPI-2 secretion on the in vivo growth and metastasis of this tumor cell in SCID mice.
We next evaluated whether the growth rate of TFPI-2-expressing HT-1080 cells in culture were similar to the mocktransfected HT-1080 cells (MT-1080) over a 6-week period as described in "Materials and methods." Although a slight decline in proliferation rate was noted over time, the proliferative rates of all transfected HT-1080 cells were essentially equivalent, suggesting that TFPI-2 secretion by these cells had no influence on their growth rate in vitro (Figure 2) .
In separate experiments, transfected HT-1080 cells cultured in the absence of G418 also exhibited growth rates virtually identical to transfected cells grown in the presence of G418 (data not shown), providing evidence that G418 was also not affecting the proliferative rate of these cells. Moreover, transfection of these cells had no effect on their proliferative rates as transfected tumor cells, cultured in the absence of G418, grew at a rate indistinguishable from the parental HT-1080 cell line (data not shown).
Growth of transfected HT-1080 tumors in athymic mice
Athymic male Balb/c mice, grouped randomly, were inoculated subcutaneously with 5 ϫ 10 6 transfected HT-1080 cells. Subcutaneous tumor growth of MT-1080 cells was linear with time and achieved an average volume of 837 Ϯ 104 mm 3 5 weeks after inoculation (Table 1) . Subcutaneous tumor growth of WT-1080 cells was also linear, but in sharp contrast to MT-1080 subcutaneous tumors, these tumors were on average 28% to 60% smaller than the MT-1080 tumors at comparable times after inoculation (Table 1) . QT-1080 subcutaneous tumors exhibited essentially the same tumor growth rate as the MT-1080 tumors ( Table 1 ), suggesting that secretion of wild-type TFPI-2 by WT-1080 cells was associated with reduced tumor size.
Mice were killed 5 weeks after inoculation. At sacrifice, the average weight of the resected MT-1080 and QT-1080 tumors was 2.65 Ϯ 0.56 g, whereas the average weight of the resected WT-1080 tumors was 1.47 Ϯ 0.34 g. Metastasis of MT-1080, WT-1080, and QT-1080 tumor cells in the SCID mice from the primary tumor location was confined exclusively to the lungs. Of the 12 SCID mice inoculated with MT-1080 cells, 9 mice (75%) developed metastatic lesions/nodules in the lungs compared with a metastatic incidence of 42% (5/12) in mice inoculated with WT-1080 cells (P Ͻ .001). The metastatic incidence of SCID mice inoculated with QT-1080 cells was identical to that observed for mice inoculated with MT-1080 cells. In order to assess the degree of metastasis in each experimental group, 4 randomly selected paraffin-embedded lungs from each group were sectioned in their entirety, and all sections (except every fourth section) were H&E stained. Examination of these sections revealed as many as 5 to 8 metastatic sites per tumor-positive lung in mice injected with MT-1080 cells, whereas only 1 to 2 metastatic sites were observed in tumor-positive lungs of mice inoculated with WT-1080 or QT-1080. The metastatic tumor size, evaluated from the number of sections they spanned, varied from 30 to 300 . As with the growth of subcutaneous tumors in athymic mice, these findings provide evidence that metastasis of HT-1080 tumors was markedly inhibited through their ability to secrete inhibitory TFPI-2.
Histologic and immunohistochemical analyses of primary and metastatic tumors
The histology of all primary subcutaneous tumors ( Figure 3A Figure 3D ) but failed to stain in the CC region ( Figure 3C ). Interestingly, metastatic tumors from all groups of mice, when subjected to immunohistochemical analyses, failed to show any detectable TFPI-2 antigen (Figure 3I-J) .
Differential cellular proliferation and apoptosis
The relative distribution of proliferating (BrdU positive) cells was also assessed in sections of primary tumors from each experimental group. More than 90% of the PCs in all 3 tumor types was proliferating ( Figure 3F ), whereas only 8% to 10% of CCs were 
Tumor cell DNA analyses
To address the possibility that the core cells were of murine origin recruited into the growing tumor mass, a PCR-based qualitative analysis was performed on each cell type (PC and CC) found in the 3 primary tumors, as well as cells of metastatic tumors. Cellular DNA was prepared from microdissected cells as described in "Materials and methods." By qualitative PCR amplification using human mitochondrial DNA (mtDNA)-specific primers, both PC and CC cell types were positive for human mitochondrial DNA (Figure 4, top) , providing evidence that these regions contain human cells. PCR amplification of the recombinant vector/ construct DNA (rvcDNA)-specific region revealed that only cellular DNA from the PC regions of WT-1080 and QT-1080 tumors was positive (Figure 4, bottom) . No rvcDNA amplification was observed in MT-1080 tumor cells (Figure 4, bottom) . The metastatic lung tumors also demonstrated the presence of human mitochondrial DNA, attesting to their human origin (Figure 4, top) . Somewhat surprisingly, cellular DNA derived from WT-1080 and QT-1080 lung tumors tested positive for the intact rvcDNA region following PCR amplification (Figure 4, bottom) , in spite of undetectable TFPI-2 antigen in these cells. The reason for this discrepancy is not known but most probably relates to the relative sensitivities between immunohistochemistry and PCR amplification techniques. Alternatively, TFPI-2 synthesis and expression may be down-regulated by lung-specific signaling molecules from the metastatic tumor microenvironment.
VEGF expression in tumors
As VEGF expression is critical for tumor microvasculature formation, 19 we performed a real-time quantitative RT-PCR analysis to assess murine VEGF gene expression levels in 3 tumor samples randomly selected from each tumor group. Melting curve analyses of the amplified PCR products revealed predominately a single product with distinct melting temperature (T m ) values (T m ϭ 82.6°C for GAPDH; T m ϭ 84.4°C for VEGF; Figure 5A ). The efficiencies for the VEGF and GAPDH amplification were similar as the slope obtained from a plot of log cDNA dilution versus ⌬C T was less than 0.1 ( Figure 5B ), thus validating the primer sets. The relative VEGF levels (mean Ϯ SEM) for mouse liver and 3 representative samples of each tumor type were then plotted as shown in Figure 5C . Tumors arising from MT-1080 cells showed a 3-to 6-fold higher expression of VEGF mRNA than tumors derived from WT-1080 cells, whereas VEGF mRNA expression in QT-1080 cells was essentially identical to VEGF mRNA levels found in MT-1080 cells. The final PCR reaction products revealed amplification of a single, specific band for VEGF ( Figure 5D top) and GAPDH ( Figure 5D bottom) on agarose gel electrophoresis.
Genes regulated by TFPI-2 expression
Using 4 independent tumor samples in the Affymetrix GeneChip microarray system, a relative gene expression profile was obtained.
Comparative differential gene expression analysis revealed that 80 genes had significantly altered levels of expression directly or indirectly regulated by TFPI-2 expression in these tumors. Among these, 43 genes were up-regulated and 37 genes were downregulated. Further analysis revealed that 15 mRNA species were induced by more than 4-fold and 10 mRNA species were repressed by 4-fold or more. In Table 2 , the proteins encoded by these genes are grouped according to their functions. The analysis of the genes according to a gene ontology system showed that TFPI-2 expression regulated genes in almost every category including those implicated in transcription, signal transduction, cell growth and proliferation, extracellular matrix, oncogenesis, invasion, metastasis, apoptosis, and angiogenesis. 
Discussion
In the present study, we have prepared stably transfected human HT-1080 fibrosarcoma cell lines expressing either wild-type human TFPI-2 or an inactive mutant TFPI-2 (R24Q TFPI-2) and assessed their ability to grow and metastasize in athymic Balb/c mice in relation to a mock-transfected HT-1080 cell line. We observed that stably transfected WT-1080 cell tumors grew at a substantially lower (approximately 28%-60%) rate than MT-1080 solid tumors. QT-1080 produced subcutaneous tumor masses essentially identical in volume to that observed for the MT-1080, providing suggestive evidence that the expression of inhibitory TFPI-2 was associated with restricted tumor growth. In addition to the substantially decreased growth rate of WT-1080 tumors, the metastatic rate of WT-1080 cells (42%) was also markedly lower than that observed for QT-1080 or MT-1080 cells (75%). The decreased metastatic rate of WT-1080 cells in all likelihood relates to a smaller primary tumor mass burden rather than TFPI-2 expression, as immunohistochemical analyses revealed that the WT-1080 metastatic tumors paradoxically failed to stain for immunoreactive TFPI-2 but retained the vector/construct as shown by PCR. The reason(s) for this discrepancy is not known but may be related to different sensitivities between these 2 techniques and/or down-regulation of TFPI-2 expression in the metastatic tumor microenvironment.
Our in vivo findings are clearly consistent with and extend previous in vitro results demonstrating a dose-dependent inhibition of HT-1080 invasiveness in Matrigel and ECM degradation by exogenous TFPI-2. 16 Our results are also consistent with a recent report by Konduri and colleagues 20 demonstrating that high-grade SNB19 glioma cells stably transfected with the human TFPI-2 expression vector formed smaller intracerebral tumors in contrast to its mock-transfected counterpart. Finally, our data agree, in part, with that very recently published by Jin and coworkers 21 who demonstrated that TFPI-2-expressing human choriocarcinoma cells (JAR) exhibited decreased invasive properties in Matrigel relative to mock-transfected JAR tumor cells as well as decreased invasiveness in vivo in nude mice following subcutaneous transplantation. However, in contrast to our findings using HT-1080 fibrosarcoma cells, mock-transfected and TFPI-2-expressing human choriocarcinoma tumors were essentially identical in mass and failed to metastasize. 21 Histologic analyses on primary and metastatic tumors were performed to evaluate the effects of TFPI-2 on tumor growth and metastasis. HT-1080 tumors consisted of 2 distinct regions: a homogeneous core of cells with condensed nuclei and peripheral cells that appeared morphologically similar to cultured HT-1080 cells. Although both regions demonstrated the presence of human mtDNA, only cells occupying the peripheral regions were positive for TFPI-2 antigen and demonstrated presence of the vector construct. BrdU and TUNEL staining confirmed that cells present in the peripheral region were still proliferating, while most of the cells occupying the core region were undergoing apoptosis. Since tumor volumes were significantly smaller in WT-1080-treated mice, TFPI-2 most likely affects those processes involved in tumor mass formation in vivo, such as neovascularization, rather than inhibiting the proliferative rate of individual tumor cells.
The precise mechanism(s) whereby genetically engineered expression of functional TFPI-2 by a TFPI-2 null cell reduces tumor size and its aggressive phenotype in vivo is unclear. During tumor growth, malignant cells invade normal adjacent tissues, and regulation of plasmin activity on the surface of tumor cells has been shown to influence the invasive and metastatic behavior of tumor cells. [22] [23] [24] However, plasmin associated with the ECM or the membranes of cultured cells is resistant to inhibition by known physiologically relevant proteinase inhibitors, [25] [26] [27] and it has been suggested that metastatic tumor cells generate "unregulated" plasmin activity that potentiates metastatic behavior. 28, 29 Many tumor cells, including the HT-1080 fibrosarcoma cell line used in this study, employ the uPA-urinary plasminogen activator receptor (uPAR) system to activate plasminogen, resulting in plasmin-mediated ECM degradation and invasion, as well as proMMP-1 and proMMP-3 activation that further enhances tumor invasion and metastasis. 13 In addition, tumor growth is highly dependent on an adequate blood supply, and plasmin presumably plays an important role in tumor angiogenesis. 30 In this regard, Soff and coworkers 31 have reported that expression of plasminogen activator inhibitor 1 (PAI-1) by a stably transfected human prostate carcinoma cell line (PC-3) markedly reduced the growth rate of these primary tumors in an athymic mouse model in relation to the parental PC-3 cell line, providing clear evidence that regulation of plasmin formation reduced the aggressive phenotype of these cells. In view of its ability to strongly inhibit plasmin in vitro, it is not unreasonable to speculate that ECM-associated TFPI-2 generated by WT-1080 tumors inhibits ECM turnover mediated by plasmin and plasminactivated matrix metalloproteinases, thereby inhibiting tumor invasiveness and metastases in vivo. In this connection, preliminary studies have shown that wild-type human TFPI-2 exhibited a potent and dose-dependent antiangiogenic effect in both the VEGF-induced chorioallantoic membrane assay and the fibroblast growth factor 2 (FGF-2)-induced cornea pocket assay (L. Arispe and W.K., unpublished data, July 2000). Accordingly, the For personal use only. on May 1, 2017. by guest www.bloodjournal.org From ability of secreted TFPI-2 to reduce tumor size may be dependent, in part, on its antiangiogenic properties.
To establish the role of TFPI-2, if any, in neovascularization essential for tumor growth and metastasis, host VEGF gene expression was quantitated in these tumors by real-time quantitative RT-PCR. MT-and QT-1080 tumors expressed essentially the same levels of VEGF mRNA, whereas WT-1080 tumor VEGF mRNA levels were reduced 3-to 6-fold in relation to MT-and QT-1080 tumors. Accordingly, a clear quantitative correlation was observed between murine VEGF expression levels and tumor size, suggesting that active TFPI-2 plays a suppressive role on hostderived VEGF gene expression and, by extension, on VEGFmediated angiogenesis. The cellular origin of murine VEGF mRNA isolated from these tumors is not known, although host stromal cells may be responsible for VEGF synthesis. Clearly, the higher apoptotic rate of WT-1080 tumor core cells strongly suggests decreased tumor angiogenesis in this portion of the tumor architecture that may be related to either lower host VEGF mRNA expression in these tumors or elevated levels of angiostatin, or both. Although wild-type HT-1080 cells constitutively secrete human VEGF 32 that presumably contributes greatly to neovascularization in these tumors, recent studies have shown that complete inhibition of rhabdomyosarcoma xenograft growth and neovascularization in nude mice required inhibition of both tumor-and host-derived VEGF. 33 The relative assessment of genes in the snap-frozen tumor xenograft by oligonucleotide-based microarray analysis revealed no significant change in the human (tumor) VEGF gene levels, although a 2-fold or greater decrease in FLT-1 (VEGFR1) and VEGF-C (the C-isoform of VEGF) mRNA levels was observed. VEGF-C and VEGFR1, a VEGF receptor, have been implicated in tumor-related angiogenesis. [34] [35] [36] Thus, induced TFPI-2 expression does not regulate tumor VEGF mRNA levels but rather appears to suppress its angiogenic effect by down-regulating receptor (VEGFR1) levels. Among other angiogenic regulators, interleukin-8 (IL-8), thrombospondin 1 (THBS-1), and neuropeptide-Y receptor gene levels were also down-regulated, whereas the tumor necrosis factor alpha-induced protein 2 (TNF-AIP2) levels were up-regulated. Interleukin-8 is not expressed constitutively but on TNF-␣ induction it inhibits apoptosis via nuclear factor-kappaB (NF-kappaB) and Akt signaling pathways. 37 IL-8 also exhibits potent angiogenic activity and thus may play a role in tumor progression. Thrombospondin (THBS-1) suppresses tumor growth, inhibits activation of MMP-9, and inhibits VEGF binding to receptor suppressing capillary morphogenesis. 38 Surprisingly, its expression is down-regulated by TFPI-2, partially reducing its anti-tumor growth function. However, another antiangiogenic gene, neuropeptide Y receptor-2, regulates angiogenesis-dependent tumor repair 39 and is down-regulated. Thus, at the transcriptional level, TFPI-2 expression regulates both proangiogenic and antiangiogenic regulators, which, in concert, could affect tumor angiogenesis.
The proinvasive and prometastatic genes such as N-cadherin, CDCP1, and chemokine receptor 4 are suppressed by TFPI-2 induction in these tumor cells. N-cadherin, a cell adhesion molecule, makes heterotypic contacts with catenin (␣, ␤, ␥)-p120 ctn promoting matrix invasion and transendothelial migration by convergence of transforming growth factor ␤ (TGF-␤) signaling. 40 The junction plakoglobin (␥-catenin) 41 is also suppressed by TFPI-2. Protein tyrosine phosphatase receptor (PTPRmu), 42 another component of this cadherin-catenin complex that dephosphorylates p120 ctn , is also down-regulated. Thus, most of the components of the cadherin-catenin complex are suppressed, possibly leading to an imbalance between levels of activated N-cadherin and E-cadherin necessary for cell motility and tumor invasion. 40 Furthermore, the ectodomain of E-cadherin (sE-CAD) is shed by plasmin, stromelysin-1, and matrilysin (MMP7) cleavage thereby stimulating tumor invasion, in part, by up-regulation of MMP-2, MMP-9, and membrane type 1-matrix metalloproteinase (MT1-MMP). 40, 43, 44 Since it is thought that metastatic tumor cells generate "unregulated" plasmin activity, 28, 29 the tumor growth suppression could also be affected by the plasmin-inhibitory activity of TFPI-2 suppressing sE-CAD production.
Tumor invasion metastasis suppressor genes, MIM 45 and RECK, are induced more than 2-fold in TFPI-2-overexpressing tumors. Overexpression of RECK has been shown to form HT-1080 tumors defective in vasculature due to inhibition of angiogenic sprouting through excessive degradation of the ECM. 46 Moreover, RECK negatively regulates matrix-metalloproteinases MMP-2, MMP-9, and MT1-MMP, thereby inhibiting tumor invasion, metastasis, and angiogenesis. 47, 48 However, the prometastatic gene, S100A4/MTS1/metastasin, up-regulated in medulloblastoma, brain cancer cells, and murine melanoma, 49 was also up-regulated in these tumors.
Two of the proapoptotic genes, FRL 50 and chemokine receptor 4 (CXC-R4), 51 are down-regulated, suggesting the induction of genes that support tumor cell growth and survival. In contrast, the antiapoptotic gene, Aven, 52 is down-regulated. Genes encoding for extracellular matrix constituents like ADAM-TS2, biglycan, fibronectin 1, versican, and fibrillin 1 precursors are suppressed, whereas dermatopontin and collagen I alpha 1 genes are up-regulated, suggesting regulation of ECM remodeling at the transcriptional level. In addition, a large number of genes found to be regulated by TFPI-2 in this model are implicated in general cellular functions including signal transduction, cell growth and proliferation, and the synthesis of some transcription factors, which in turn regulate other genes that affect other cellular processes.
While the genomic response to TFPI-2 overexpression appears complex, most of the genes regulated by TFPI-2 would result in an overall decrease in tumor growth and metastatic potential. The molecular mechanism whereby TFPI-2 expression and function affects tumor cell gene expression is not known but presumably involves its ability to regulate proteinases such as trypsin, plasmin, or the factor VIIa-tissue factor complex either on the tumor cell or in the tumor microenvironment that, in turn, affect a variety of tumor cell signaling processes involved in growth and angiogenesis. Future studies focused on the regulation and functional significance of the target genes reported here are likely to increase our understanding of the role of TFPI-2 in the regulation of pericellular ECM remodeling in normal and tumor cells.
